We investigate the effect of potassium (K) doping on the transport properties of aligned single-walled carbon nanotube fibers. The temperature dependence of the electrical resistance, the current-voltage characteristics, and the magnetoresistance vs external magnetic field of the fibers consistently show that doping enhances the metallic character of the fibers and that the response of the samples can be quantitatively explained in two thermal regimes separated by a characteristic temperature T * . At temperatures higher than T * , the data are interpreted in the framework of variable range hopping theory, suggesting that the increased conductance with potassium doping is due to the increase of the density of states, which enhances carriers hopping. For temperatures below T * , experimental evidence of fluctuation temperature-induced tunneling mechanism suggests that the doping by K atoms affects the potential barriers established between adjacent carbon nanotubes, enhancing the metallic properties of the fibers. Carbon nanotubes (CNTs) are promising materials in electronics due to the potential wide range of applicability, 1 but one difficulty foreseen for large-scale developments is the fabrication of samples having homogeneous electrical properties. Aggregates, mats, or fibers are commonly formed by CNTs having both semiconducting and metallic properties, a peculiarity which limits the spectrum of possible applications.
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but one difficulty foreseen for large-scale developments is the fabrication of samples having homogeneous electrical properties. Aggregates, mats, or fibers are commonly formed by CNTs having both semiconducting and metallic properties, a peculiarity which limits the spectrum of possible applications. 2 At present, several techniques are under investigation in order to overcome this problem, and one specific technique consists in doping the CNT aggregate in order to increase the charge carriers density and favoring a semiconducting-to-metallic transition of the whole aggregate. 3 Metallic doping by using halogen 4 and alkali atoms 5 has been successfully investigated. In this Brief Report, we show that doping a single-walled CNT (SWCNT) fiber with metallic potassium atoms improves its electrical conductance, as reported for other types of CNT aggregates. 3, 6, 7 Moreover, interpreting the experimental data on the basis of the current theories for disordered noncrystalline materials, we provide a quantitative model for the role played by K atoms on the electrical properties of CNT fibers.
The fibers studied here have an external diameter of 100 μm and consist of aligned CNTs having a diameter of 1 nm. 8 In order to generate the K doping, discrete fiber pieces are loaded in a small vial (∼20 ml volume) and loaded uncapped into a bigger flask (150 ml) capped after the addition of ∼1 g of solid potassium. The enclosed system is baked up to 120
• C to melt the potassium and saturate the flask with K vapors, and the fibers are kept in contact with the K vapors for 2 h. The presence of K inside the fibers is confirmed by energy dispersive spectroscopy (EDS), which detected a change of about 13% going from the surface to the center of the fiber, while the average value of the K concentration is 33%. An electron microscope image of the fiber surface is shown in the upper inset of Fig. 1 together with the section used for inner and outer EDS analysis after K doping (lower inset).
The low-temperature measurements were performed in liquid He bath or vapor with the fibers connected (in a fourprobe scheme) to gold pads patterned on a silicon substrate, which in turn was secured to a copper sample holder housing a thermometer. Temperatures below 4.2 K were reached by pumping on He bath using auxiliary mechanical and diffusive pumps, and magnetotransport measurements were performed by using a 6-T superconducting magnet. The synthesized fibers were several meters long, and from these, we obtained samples a few centimeters in length that we used for the experiments. The results herein presented were typical for dozens of samples that we investigated. Figure 1 shows data of the resistance of the fiber plotted vs 1/T 1/4 , a measurement performed using 10 μA as bias current. Such a value of the bias current generates a rather low power dissipation 9 which ensures that no self heating (thermal) effects are present during the measurements. The decrease of the resistance for the doped fiber (FK) sample with respect to the bare fiber (F) is evident in the whole temperature range investigated. In the plot of Fig. 1 , we see that the data are very well fitted by the expression 10 
where T M = 18.2/k B N (ε F )ξ 3 is the Mott temperature, k B the Boltzmann constant, N ( F ) the density of states at the Fermi level, and ξ the localization length. A linear dependence down to a temperature T * ∼ = 2.8 K and T * ∼ = 4.0 K for F and FK systems, respectively, is observed. This evidence indicates, according to the variable range hopping (VRH) theory, that a three-dimensional (3D) hopping mechanism dominates the conduction process inside both the samples for T > T * . The fit to the data gave T M = 24 700 K and T M = 2000 K for F and FK, respectively. Any other R vs T dependence based on VRH, i.e. 1D and 2D VRH, would not provide linear dependencies shown in Fig. 1 . In order to better characterize the role played by K atoms inside the fiber, we performed magnetoresistance (MR) measurements by probing the electrical resistance of the samples biased with the same current 10 μA in an external magnetic induction B going up to 5 T perpendicular to the fiber axis. The variation of the resistance with respect to its value at zero field is shown in Fig. 2 for the two types of samples. The negative value of MR is expected in 3D localized transport 11 and is usually interpreted as a competition between the shrinking of the electron wave functions at low fields, which enhances the resistance, and the interference between electron wave functions, which gives an opposite contribution, decreasing the MR. 12 Adding the two effects, the MR data can be represented in this framework by the expression . Both samples show negative MR as a proof of the localized transport mechanism. Nevertheless, the parabolic behavior is much more evident in the case of the bare F fibers, while the metallic contribution of the K doping manifests itself in the saturation tendency of the MR at high fields.
The curves in Fig. 2 are the fits to the data obtained using a and b as fitting parameters in the MR vs B expression. In particular, the values of b, together with the values of T M obtained by the fits of Fig. 1 , allowed evaluating the localization lengths a 0 , which result to be 4.7 and 5.3 nm for F and FK, respectively. Also the B c field limit is calculated by substituting inside its expression the obtained a 0 and T M values and obtaining B c higher than 19 T for both the samples, which corroborates the hypothesis of applicability in the range of our data (B < B c ).
The values of T M and a 0 obtained by independent measurements enable us to interpret the role played by the presence of K in doped CNT fibers. Substitution of these parameters inside the T M expression allows calculating the density of states at the Fermi level N ( F ) for the two systems. The calculation gives N ( F ) = 1.8 eV −1 nm −1 for F samples, in very good agreement with the result found by other authors on similar systems. 7 The same calculation operated in the case of FK samples gives N ( F ) = 20.2 eV
The obtained values of N ( F ) suggest that the increased conductivity after K doping can be ascribed to the increase in the density of states (roughly one order of magnitude). The electrons, moving by hopping between localized states, find more available paths in the FK rather than in the F system because of the increased number of available states. In this view, the hopping lengths given by 14 r = 0.38(T M /T ) 1/4 ξ results shorter in the case of FK (9.4 nm) with respect to F (15.6 nm), as calculated at T = 4.2 K, according to the higher density of states present in the former system.
We also performed measurements of I -V characteristics, which helped us to gain insight into the transport mechanism and to explain the behavior of the electrical resistance below T * ; in this range, as shown in Fig. 1 , its variations with temperature do not follow a T −1/4 dependence. Figures 3(a)  and 3(b) show the I -V characteristics at different temperatures for F and FK samples, respectively. Both the systems show an ohmic behavior at high temperature, whereas a nonlinear shape is present at low temperature. In particular, the nonlinearity is more evident for F-type samples [ Fig. 3(a) ], evidencing a more pronounced semiconducting nature. At low temperature, the shapes of these curves are typical of the systems where the transport mechanism is affected by the presence of potential barriers. This statement is further strengthened by the observation that, as shown in the inset of Fig. 4 , at low temperature the R vs T data are well fitted by the expression R/R 0 = e parameters present in the R vs T expression, and I 0 and A are further normalization parameters. 15 In the FIT expressions, the two parameters T 1 and T 0 contain the barrier potential height V 0 , the width w, and the contact area. The curves in Fig. 3 are fit to the data using the FIT expression for I -V dependence. The ratio T 1 /T 0 = πw √ 2m * V 0 /2h does not depend on the contact area, and its determination allows estimating the w √ V 0 product. Here, m * = 7.8 × 10 −32 kg is the effective electron mass for the CNT andh is the Planck constant divided by 2π . The data reported in Fig. 4 show the temperature dependence of this product obtained by fitting the I -V curves for both the samples following the FIT model. 15 Since it seems reasonable to consider w temperature independent, the data in all temperature in the case of the doped fiber confirms the effect of K atoms to improve the electrical conductivity also at low temperature and the hypothesis of a tunneling mechanism, which takes place through a lower potential barrier with respect to the case of undoped CNTs.
In conclusion, we have investigated quantitatively the effect of K doping fibers of aligned CNTs; we have found that the doping reduces the electrical resistance according to two mechanisms which take place in two different temperature ranges. Above a given temperature T * , the potassium doping causes an increase in the density of states and a consequent increase of the hopping probability of the charge carriers between localized states. Below T * , a tunneling mechanism is responsible for charge transport, and the K doping lowers the potential barriers height with respect to the values measured in the case of the bare fibers.
